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REPORT SUMMARY

The objective of this project is to investigate the effects of using an
electron beam to artificially disturb the upper atmosphere, thus simulating
natural disturbances such as auroras. This report involves both a general
study of the effects of electron radiation on the upper atmosphere and the
specific application of these effects to an experiment performed by the

National Acronautic and Space Administration.

The purpose of this paper is to present an analysis of electron beam
interaction with the upper atmosphere. In order to better understand the
phenomenology that would be involved when the atmosphere is artificially
excited by an electron beam, specific aspects of an experiment performed by
Hess et al. (1970) are analyzed. Flectron beam spreading, cnergy deposition,
and penetration are studied. Reactions involving air chemistry and radiation
which result from this interaction are also studied. Information from the
NASA "artificial aurora'' experiment has been analvzed and compared to the

results of this study.

The study is reported in three parts: the spreading and penctration
of an electron beam in the upper atmosphere, together with the cffects of the
motion of the beam accelerator are discussed in Section 3. The atmospheric
chemistry that is involved due to the electron interaction is discussed in
Section 4. Finally, these calculations are compared with NASA observations
in Section 5. While the NASA data was quite limited, the description pre-
sented of the electron irradiation of the upper atmosphere is in good agreement
with these data.

The width of the electron cloud as well as the energy deposition has
been adequately modeled by this analysis. The effects of the geomagnetic field

ix



strengil and orientation has been includoed. The altitudes at which electrons
deposit moat of their energy is a function of the initiz} clectron energy. This
penetration has been modeled by taking into account atmospheric density varia-
tion with altitude. Using this formulation, calculations of the energy deposited
as a function of altitude have been made which show good s reement with
observed data

The chemistry and radistion involved due to electron irradiation has
been studied in detail. A complete description of the visible emission involved
is presented.  This calculated emission is in good agreement with that obgerved,
both in intensity and in temporal behavior. With this agreement, confidence
has been gained for predicting the emission intensitics during both natural and
man-made disturbances of the upper atmosphere.



SECTION |

INTRODUCTION

Upper stmoapberic phenomens during quiescent and disturted
conditions are presenily cader intensive stedy. Groumd-lased (oazhue, 197 1),
alrborne (Msir and Gauvin, 19%7) and rockethorne (Seider and Narcisl, 1930)
platformas have oltsincd | - regios measutements of clectron and lon-deanity
proliles (Danahue ot al., 1970, Feldman ot al., 197 1a), concentrationa of
rsinor spocies and metastables (Zipl ot al., 1970, and radiation {rons theac
species (Donshus, 1966, Parkiason et al., 1970h). Theoretical calculstions
have ahown that ion-concentrastion measurements during quiescent conditions
are in excellent agreement with steady state chemistry amd radiation calcula-
tions (Donabue, 19066, Ulntck, 197, Donatie, 19%a). Homever., much lean
In understond during atmospheric disturbances, such as aurvras

Measurements taken from greund: amd aircrafi-taned (natruments of
the radiation emitted during surors! sctivity have shosn rapid temparal varia-
tions in the radiative intensitiea. Howvier, these measurementa have been
unsble 1o locste the precise althiude of the radiating specien (Chamberiain,
1961, Donabue, 1201). Rocket-horne measurementa, on the other hand, have
yielded information on the altitude dependence of the radialing specics (S ider
and Narcisi, 1270, Feldman et al. . 19718 it enlv very limited information on
on temporal variations  Such have sisce been launched mainly into the quict post
break-up stage of surorsl activity.

A complimeniary technique to those direct measurement programa in
to artificially create an aurvril e disturbance an has been proposedd tn' Rair
(1971). Using this technique, an artificial surors sould be produced v launching
8 high-altitude probe with sn onboard electron-leam system 10 irradiaie the atmos -
phere with electrons. An experiment similar to this proposal was performedd
by NASA in 1969 (Heas et al., 1971, Davia et al.. 1970, 1971). A rocket



roeigining 88 rivvires am sorieretor was whed b creabe me 0rtile !
e | il b Bt b be el @ sl bor Epyig presRg i
(il [lawe The clevirns wem sps drveled dos sward aloog e magowi o
Ui ld woed Lhe rodintlios wae olme et alonyg colsma shanmt L0 seters sple
cxtending (rom 104 to 130 km 1 altitede  Additional details regarding this
ey riment are prescated ta the arst aeciion

The present study desclops a theoretical meardel for the cleviran-leam
interaction with the simosphere  The smalyats inchudes a description of the
My and eatent of the isteraction regioa, the stmospheric onization levels
8 ade chemiatery wvd radiation following the electron irradiation  Thin mosde)
ta treated in detai] 1a Sections 2 and § Sgectfic caleulations of the atmospberic
teteraction under the coaditions of thr NASA caperiment are performed vaing
this masbe! jn Section 5, the istensily ami time dependence of the visihle radta-
tion are calculated and compared 10 the obacryations made in the XASA eygwri-
menie., Particular interest i» paid 10 the mochasiam for producing ()ll.‘h roadia -
tion which was found in the eyjwrimests to pereint alter eleciron-beam
irradistion had ceperd.



SECTION 2

NASA “ ARTIFICIAL AURORA™ EXPERIMENT

On January 26, 1969, at 9:45 UT (4:45 A M , FST), an Acrobee 130
rocket carrying an electron beam accelerator was launched from Wallops
Inlamed, Virginia  The rocket trajectory had an azimuth 9?0. reaching an
spogee of 269 km at a distance 27 km east of the faunch point. Near apogee.
the rocket wan mancuvered so that the onboard electron gun directed the beam
downward along the gromagnetic ficld  The relation between the rocket tra-
jectory amd the magnetic field, which had a local Inclination of 69 5° and a
declination of -5° ja shown In Figure 1.

The clectron beam accelerator commenced operation 206 sec
after launch A 21 pulse sequence, each consisting of a julse every 2.7 sec,
was repeated for 252 sec. The

pulse voltages and Lurrents were

L

vartied from 1 to &, 7 kV and from e (3"

\'S [ Tusg, T0me F SAtA
1.5 to 490 ma, respectively. Pulse . ‘l‘ -
duration was either 0,1 sec or s AN COLv

IR I8N
0.98 sec. The strongest pulse R
i ] .:;g—smu’umcn
(numbers 11 and 21 in the pulsing : = mraida G
ALY -

sequence) were operated at 490 ma - e L ,‘:;’.'.‘.L"
and 8.7 kV for 0. 98 sec. Four of \ j t B
these pulses were ohserved before .y
the electron beam accelerator
passed out of the view of the ground- e

de ors. On closer examina~ X
besed detector €, Figure 1. Sketeb of the Eleetron Beam

tion of the data, one additional trace Aceelerator Trajectory and
the Magnetic Field Orienta-

tion Described by Davis
0.1 sec was also observed. (1971)

operating at 490 ma, 4.9 kV, for



Measurements on the irradiated region were made from ground-based

stations located at <ranklin City and Igor using image-orthicon systems with a

framing speed of 30 framee per second. Figure 2 shows the response curve for

the §-20 photocathode image orthicon and lens system (Davis et al., 1970).

The detection sensitivity of this system was estimated to be 500 rayleighs at

the peak of the response curve.

om0 mew 0 agew ] (= o]
AAVELENGTH, A

Figure 2. Relative Response of the
S-20 Photocathode Multi-
plier and Lens Transinit-
tance (Taken From Davis
«t al., 1971)

The signals recorded during
the experimcnt‘ are presented in
Table 1. The radiation was
observed from narrow tubes
extending from: 104 to 130 km
in altitude. The méasurcd appar-
ent width was 60 to 240 meters with
dan average of about 130 meters.
The column brightness while the
electron beam was'on was estimated

to be approximately 10 to 15 kilo-

Irayleighs after correcting for instru-

ment sensitivity and was due mainly
to N; first negavtive radiation, The
total radiation was ohserved for
approximately 1.36 + 0,07 sec,
0.38 sec longér than the 0.98 sec

]
irradiation time.



TABLE 1

OBSERVED WIDTH AND UPPER AND LOWER ALTITUDES OF SIGNATURE FULSES
A

ALTITUDE ALTITUDE WIDTH
AT TOP, km AT BOTTOM, km meters
FRANKLIN CITY
1st Signature 127 - 133 105.9 120
’ 2nd Signature 130 - 138 105.5 126
3rd Signature 123 - 131 113.17 -—a
4th Signature 137.5 108.6 132
IGOR
1st Signature 123.2 104.1 123
2nd Signature 125.3 103.9 (64)
3rd Signature 126 - 128 103.6 117
4th Signature 128,1 104.5 54

[¥]



SECTION 3

THEORETICAL MODEL OF ELECTRON BEAM
INTERACTION WITH THE ATMOSPHERE

Previous studies of electron interaction with the upper atmosphere
have been performed with particular emphasis on the relationship to auroral
activity. Calculations of ionization profiles due to electron excitation have
been made by Chamberlain (1961). The interaction of a single collimated
electron beam with the upper atmosphere, which is analyzed here, presents
a somewhat more manageable problem. This model, moreover, is directly

applicable to the NASA electron beam experiment.

The various effects of the electron beam interaction with the upper
atmosphere can be modeled by laboratory measurements. These effects include
atmospheric density va.iations, the magnetic field, and chemical and radiative
processes following tiie irradiation. Experimental data on electron interaction
with air has been ob.ained in the laboratory by Griin (1957; and by Cohn and
Caledonia (1970).

The energy deposited into the upper atmosphere by an electron beam
has been calculated by 3erger et al. (1970) whose purpose was to describe
electron transport from very high altitudes into the upper atmosphere as in the
case of auroral activity. Using {i:c Monte Carlo technique, they calculated the
spread of a beam of monoenergetic electrons, injected downward from 300 kin
along the magnetic field, as a function of altitude. A vertical magnetic ficld
strength of 0.6G was assumed. Under the conditions of constant density and
the absence of a magnetic field, their calculations were in good agreement
with laboratory measurements. A simplified formulation of this problem based
on their results is presented here to facilitat2 analysis of the che:nistry and

radiation.

Preceding page blank
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In the absence of a magnetic field, the energy deposition in air by an
electron beam is nearly spherical in shape, its diameter being determined by
both the electron energy and air density. The range of the beam measured by
Griin (1957) was found to fit the relation

Range = 9.2 x 10

19 EZ/4 n-1 cm (1)

for constant air density in the energy range between 2 and 40 keV. Here,

9
EO is the initial electron energy in keV and n is the number density per cm"®.
For application to the atmosphere with varying density, Equation (1) must be

modified to

S
f
j n(s) ds = 9.2 x 1016 E07/4 2)

S
0

where So is the position of the electron beam accelerator, S¢ is the end of the
electron beam range, and n(s) is the atmospheric number density along the
path s, in our case, along the magnetic field. For a given n(s) , S¢ is

determined numerically using Equation (2).

From both laboratory measurements (Griin, 1957; Cohn and Caledonia,
1570) and theoretical calculations (Berger et al., 1970; Spencer and Coyne,
1962), the spatial distribution of ¢nergy deposition has been found to be independ-
ent of the electron beam energy. Tiie energy deposition along the initial beam
direction; T(z/L), is plotted as a function of z/L in Figure 3. Here, z is
the particle thicknesc in units of molecules per unit area, and L is the beam
range in molecules per unit area. The energy deposited at negative z/L is
due to backscattered electrons. The quantity T(z/L) is normalized by the

relation



o0

]T(z/L) dz/L)y=1 .

-a0

The normalized particle thickness is hence defined as

)

f n(s) ds

S
o

S¢ 9.2 x 1016 E,

Thus, for a constant density gas, z/L reduces to a simple dimensionless

distance with L defined by Equation (1).

i
" s ..Il__.--h !
g J
E lir i
B oo |
=
E ] I|lIlI '
g l[
!- i

5 1P

2

-2 [} ? 4 6 8 10 1.2

AXIAL DISTANCE, Z/L

Figure 3. Energy Deposition as a
Function of Distance Away
From the Electron Beam
for Constant Density and No
Magnetic Field

Consider the case in which
the electron beam is initially directed
along a magnetic field. Electrons
scattered perpendicular to the mag-
netic lines of force are turned by the
field and the spherical shaped could
is thus narrowed to a column. The
range and energy distribution along
the field do not change and are siill
represented by Figure 3 . Electrons
that are scatteredi by the atmosphere
receive a velocity component perpen-
dicular to the magnetic field and thus
make cireilar (or spiral) orbits
around the field lines. These orhits

have a Larmor radius:



m cv

e 1
2 —— 4
R.. B ( )

where q and m_ are the electron charge and mass, respectively; B is the
magnetic field; c is the velocity of light; and v, is the component of velocity
perpendicular to the magnetic field, In terms of the electron energy, E ,

R c sin f 1/2

L= “qB (2me E)

where 0 is the angle between the direction of the motion of the electron and the
magnetic field. In the vicinity of Wallops Island, B = 0.6 gauss, and RL

becomes

RL =1.7sin 0 El/2 meters (6)

where E is expressed in keV. For the case in which the mr.an free path
between collisions is larger than the Larmor radius, the lateral spreading

of the beam S I is approximated by the relation

/2 M)

5 =2 ﬁL (number of collisions)1

where ﬁL » the electron Larmor radius averaged over both the energy during

slowdown and the angle § , is approximately

R, =1.1 (Eo)l/2 meters . (8)

L

10



The number of collisions that an electron encounters during slowdown is

approximately (Berger et al., 1971)

3/4
o

(9)

(number of collisions) =25.6 E

Combining Equations (7), (8), and (9), the lateral spread becomes

. 1/8
SJ_ ~ 11 Eo

meters . (10)
Note that for the case in which the collisional mean free path is much larger
than the Larmor radius, the lateral spread is independent of the density. The
eiectron cloud when directed along the magnetic field becomes a column with

a diameter S_L at the widest point, z/L~ 0.5

The average energy W required to form one ion-electron pair
(Landshoff et al., 1966) is

-1/2 . .
W =33.73+ 5.53 E, - Ei) 1 ]eV per ion pair (11)

where Eo is the initial beam energy in keV, and Ei = 0.015 keV is the mean
ionization energy for air. The jon-pair formation rate in the atmosphere by

electron beam irradiation is

IE0 T(z/L) d(z/L)
2 ds
W Sl

ion-pairs/cm" -sec
(12)

1.86 x 1075 IESS/ZT(Z/L) n(s) .

11



where Eo and I are the beam voltage in kilovolts and current in amperes,

respectively, and n(s) is the atmospheric number density per cm3.

12



SECTION 4

ATMOSPHERIC CHEMISTRY ASSOCIATED
WITH ELECTRON IRRADIATION

The chemistry associated with the electron beam irradiation
determines the radiation observed from the ground. Consequently, in order
to predict or analyze the observed signal from electron irradiation, a detailed

study of the chemistry must he performed.

The beam electrons which ionize the atmosphere use the remainder
of the 35 eV energy yielded in the creation of one ion pair in dissociation and
in excitation of electronic, vibrational, and rotational modes. This interaction
leads to reactions which produce visible radiation. The chemistry that follows
the electron irradiation may be described by coupled second-order differential

equations of the form

M _ppim+ M (13)

ot ot chem

The first term on the right-hand side accounts for the difiusion effects to be
discussed at the end of this section. The second denotes the change in con-
centration of M due to chemical reactions. This term is of primary interest

in predicting the electron interaction with the upper atmosphere,

Since the altitudes at which the electrons deposit their energy (for
the purposes of this analysis) are akove 100 km, the chemistry consists mainly
of binary reactions. Thus, to simplify the analysis, both radiation and electron
interaction with the atmosphere are treated in the same form. The general

reaction for producing species M is written as

k.
1
Ai+Bi——M+Cj+Dj (14)

13



where the subscript i denotes any species that is involved in forming species
M and ki is the rate constant for the reaction. The reverse reaction is

written as a separate equation

k,
c.+M- A +B, (15)
j i i

with subscript j denoting a species involved in removing M. The rate constants
ki and kj are related by the equilibrium conditions. The net change in the con-

centrations of species M due to chemistry becomes

aM/at]chem = 2;: k, EAi]{Bi] - ZT: k, [M][C]J (16)

where the brackets denote the concentration of the species designated within
these brackets. This binary reaction scheme has been generalized to handle

from zero to three reactants and from zero to three products.

In order to treat the electron beam interaction with the atmosphere,
an artificial chemical reaction with zero reactants and a production rate equal
to that calculated from Equation (12) was used. This production of ioi -~ was

then weighted by the relative production of each ionic species.

Reactions leading to ionization and their relative production rates

are:

14



Relative

Production

Reaction Rate Reference

N; tete 0.75 (Landshoff et al., 1967) (R1)
e + N, — N +N+e+ e 0.19 (Rapp et al., 1965) (R2)

+ 2 4+

No(B"Z)+e+ e, 0. 06 (Borst and Zipf, 1970a) (RJ)

Oy + e+ e, 0.70 (Landskoff et al., 1967) (R4)
ep + 02 —~0+0  +e+ ep 0.29 (Rapp et rl., 1965) (R5)

0; (b4 2;,) +e+ ep 0.01 (Borst am! Zipf, 1970b) (R6)
and
e,+0 — ot +e+ , 1.0 (Kieffer and Dunn, 1966) (R7)

The subscript p denotes the fast beam electron. Reactions (R3) and (RG)
illustrate examples of the production of excited states. In these cases, the

ions radiate in the first negative bands

Ny (8% 2 — N, (x° z) P =6.7x10 sec  (me)
(Borst and Zipf, 1970a)

and

o, ®* z) — o, x* n) r =1.2x 1079 gec (R9)
(Borst and Zipf, 1971)

These radiation sources are particularly useful as their intensities are directly

related to their fonization rates.

15



The electrons, both primary sed secondary, also produce
dissociation and excitation of the aeutral spiocies. The imgportant resctions
include:

Relative
Prochection
Reactior _Mate ftelerence
O,%¢ - Oe¢u o¢ 0.3 (Landsholf ot 8l., 1967) (R10)
(Barst and Zipl, 1971)

Oce - Ot'®meo o 006 (Meary ctal., 19690  @R11)
O«c¢ - Q(‘ln ¢ 2.20 {(Heary et al., 196 i)
N, e — N,ee 0.5 Maolarski of al., 1967) (RI3)
N,se - NeX se 0,67 O inter, 1966) (Mi4)

The atomic agygen produced in Reaciion (R10) is highly cacited (Mumma and
Zipt, 1971), and one half of the caygen atoma produced in Reaciion (R10) i
believed to be in the 0('3 state (Parkinson ot al., 1970h, Mumma and 7ipf,
1971, Feldman et sl., 19718) The main states produced in Reaction (R13)
are N (i), xg(n"’u:». oot N (A7)

The .‘s‘atcalv and NQ(IIJN‘) states docay rapidly In radiating the
second and lirat positive bamd ayatem, respectively

- 3 » J -» -8 -
.\ng q‘) - :\.‘,(ﬁ IP s =3, 7810  nec (R15)
{Anderaon, 1971)

in the ultraviolet, and

Aa‘.;;l s = Jx IO“ sec (R16)

{Anderson, 1971}

R .
.\3(3 ll‘) - ?\2(

16



I
in the infrared and nutm waselengths, THhe N ( 3 .."', state is long-lived and
may be 8 source of Of i) through the resction u ~kinson and Zipl, 1970)

. e " | -12 3 17
!\,.,(A ::')no-i\z- ors >9x 10 cm /sec. (R17)
The reactions
s ta=atse (R1%)
= i
ard
0O 0rm0‘0e (R19)
2 o

Are important vibrationsl ewitr“tos reactions which account for the secondary
cléctron esmrgy  Approvimately 67 of the beam energy goes into vibrational
exscitalion (Chen, 1964)

The lons produced in Reactions (K1) through (R7) undergo lonic reactions
or recombine with the slon secomdaty electrons.  The princips) reactions and
their rate conatants (at 306 7K} sre listed In Tabie 2 The relative rate of
dinscciatihve - recombinetlon Feactions and jon-eaxchange reaction substantially
allecis the relative concestration of the Jonic species.



TABLE 2
ION EXCHANGE REACTIONS

*Reaction Rate
Reaction (cm3/sec) Reference

[ N~ N, +N* 1x101 | DAsaA, 1967) (R20)
N LNO +N | 2.5x1071% | (Norton and Barth, 1970) | (R21)

0 - Not 4+ N(2D) 7x10" 1! (Norton and Barth, 1970)
N;+{ 0—~n,+0" 1x10° % | Goidan et al., 1966) (R23)
0, = N, + o; ) 3x10 1 (Dunkin et al., 1968) (R24)
02 —~ NO' + NO Ix 10.17 (Dunkin et al., 1968) (R25)
NO — N, + No* 3x10 10 (Goldan et al., 1966) (R26)
(0~N+0" 1x 10 12 (Schmeltekopf et al., 1968) | (R27)
0, ~ N+ 0, ax107 10 (Dunkin et al., 1968) (R28)
0, ~ xo'+o0 3x 10”1 (Durkin et al., 1968) (R29)
x*+] 0,~0+x0 1x10 -2 |(DABA, 1967) (R30)
NG — KN + NO' 8x10°1% | (bunkin et al., 1968) (R31)
NO — N, + 0 3x107'% | (DAsa, 1967 (R32)
NO - 0" + N, 1x 10 12 (DASA, 1967) (R33)
X\'2 ~NO* + N 1 x 10.12 (Schmeltekopf et al., 1968) | (1t34)
o'+{0,~0+ o, 2x 101 (Dunkin et al., 1968) (R35)
NO — O + NO* 1.3x 10712 |(Goldan et al., 1966) (R36)
N-NO' 40 1.8x 10 1% |(Goldan et al., 1966) (R37)
0; + { NO - NO" + o, 8 x 1019 (Goldan et al., 1966) (R38)
Ny=NO*+NO | 1x1071"  (Feldman etal., 1971b) | (R39)

L]
Rates given at 300 %K unless otherwise noted.
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TABLE 2 (Continued)

Reaction

-
Reaction Rate
(cm3/sec)

Reference

[N +e-NCD)+ N

ol+e-olD+0

N+ D+ o+

ot+e-odls)+0
+ 2

NO' +e — N(“D)+ O

NOt +e " N+O

+

O +e+M—-0+M

+ *
N +te+M—-N +M

2.8 x 1077 (1/300) 0+ 2

2.1x 10" (1/300) %7
2.2 x 1078 (1/300) 707
3x 107 (T/300) 10

1x 10" '¢1/300)"3+0

0-26 2.5

1x16 “°(T/300)"

1 x 10°26('T/300) 72+ 5

(Mehr and Biondi, 1969)
(Feldman et al., 1971a)

t

(Feldman et al, 1971a;
Donahue, et al., 1968b)
(DASA, 1967)
(DASA, 1967)
(DASA, 1967)

(DASA, 1967)

(R40)
(R41)
(R42)

(R43)

{ r44)

(R45)

' (R46)

—

1

Radiative and chemical processes also involve the neutral species

excited or formed by the elcctron beam:

Reaction

2 ¥
N(“D) +0,~ NO +0

1 —
N +0,(a'8y) = NO +0

N+02‘°h0+0

N+NO-‘N2+O

O + NO —°N02+hu

(green continuem)

i
* Reaction Rate

_|cm3¢seci
6 x 1012

-105
3x10°15

2.4x4u -1 .690/T

1.5 x 10" 12p1/2

6.4 x 10”17

t

*
Rates given at 300 °K unless otherwise noted.
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Reference .

(Hunteh and McElroy, 1968;
Clark, 1970) '

(Kaufman, 1969)
(Feldman et al.» 1971b)

} .
(Fontijn et al., 1964)

(Nicholet, 1965; Black, 1969) (R47) |

(R48)

(R49)
(R50)

1

(R51)




Reaction

N(ZD) — N + hv (5199A)

-o(*s) = 0('D) = hv(55774)

o(Ip) = 03p) + hv (ggggﬁ

Competing with these radiative transitions are collisional deactivation reactions

f 1 * 3
O( S)+02"02 +0('P)

o(!D)+ N, = Ny +0(3P)

‘o(lp)+o, ——oz(alag) +o3p) 4x10

and

ols) +0—-0+0

For large NO concentrations, as observed during auroral activity

)

Reacticn Rate

_(cm3/sec)

T= 105 sec
T=0.74 sec

T=110 sec

3x10718

5 x 1011

11

7.5 x 10712

Reference

(Wiese et al. ,1966)
(Wiese et al., 1966)

(Wiese et al., 1966)

(Zipf, 1969)
(Zipf, 1969)

(Zipf, 1569)

(Felder and Young, 1972)

(Zipf'et al., 1970), the following quenching reactions are also important:

0(!s) + NO ~ (all paths)
and

0(!D) + NO— (all paths)

These reactions, however, do not play an important role in the NASA

electron beam experiment where the ambient atmosphere was quiescent with low

4x10710

1.5 x 10710

(Zipf, 1969)

(Zipf, 1969

(R52)
(R53)
(R54)

(R55)
(R56)

(R57)

(R58)

(R59)

(R60)

NO concentrations. Three-body reactions are very slow for altitudes above 100 km,

andl are not inciuded.
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Diffusior and heating can play an important part in the chemical
processes. The effect of diffusion is to dilute the concentration of the excited
species and to slow down the reactions between two excited species. The
~hange in concentration of species M due to molecular diffusion in Equation (13)
is treated as an axisymmetric two-dimensional problem. The diffusion coefficient,
D, determined by Kenneshea and Zimmerman (1970b), is shown in Figure 4.
The shaded portion of the curve represents the eddy diffusion region which is
generally observed below 106 km. Above this altitude, the diffusion becomes
dominated by molecular transport. A more complicated diffusion ccefficient
affects dissociative-recombination processes, Reactions (R33) through (R37).
Here, the diffusion involves two charged species. Hence coulomb attraction

and the effects of the geomagnetic field must also be taken into account.

Electron beam heating of

the irradiated region has been evalu- 2
ated by accounting for the energy
iti i ir i CULAR
deposition when one ion pair is s MoLECULA et
formed. This energy is distributed Ny
in heating, dissociation, excitation, 4 4
es , . E DDY DIFFUSION
and radiation. A detailed evaluation o - REGION ;
of heating rates requires calculation 8 \\\\\\ /
w NI A
of the electron cooling rate, the 8 AN . v
chemical reaction rates, and the & 108 / i
Frd /
radiative emission. Since this is a 5 4
. _ . . /
substantial task, the heating rate is /
crudely estimated ior the atmospheric B T T R, T u—
ALTITUDE, km

dosa levels in ii:» NASA experiments.

The energy deposition leading to
Figure 4. Diffusion Coefficient at
Different Altitudes (Taken
to be 2/3 of the 35 eV required for From Keneshea and
Zimmerman (1970))

heating the atmosphere is estimated
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ion formation. The remaining third of the energy is assumed to be either used
in dissociation or radiated away. For the conditicns of the NASA experiment,
this gives a temperature rise of about loK. Since this rise is small, more
detailed calculations have not been considered.
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SECTION 5

APPLICATION OF THE MODEL TO NASA
“ARTIFiCIAL AURORA™ EXPERIMENT

In this section, the model developed in the previous two sections is
employed to analyze tb» NASA "artificial aurora'' experiment. We shall
dctermine the extent of the elcctron irradiated region and compute the chemical

and radiative processes that take place in the atmosphere.

The ionized region in the NASA experiment is a cylindrical volume
lying along the geomagnetic field. Near thc electron gun, the beam width is
narrow, becoming widest in the region of maximum energy deposition. The
fon pair formation rate per unit volume of atmospherc, calculated from
Equations (2) and (10) for Eo =8.7KkV and1=0.49A, is snown in
Figure 5. The altitude of the electron beam accelerator was taken to be
250 km, although this is not a critical

figure as very little energy is deposited

200 LS R A =TT —TrTT

TTT T
ELECTRONACCELERATOR
OPERATING CONDITIONS

n(s) , was based on the 1962 Siandard 180} 0m,
\ 695° dig angls

above 200 km. The number density,

Atmosphere,
1601
Since each electron in the

beam slews down within several milli- 140

ALTITUDE, km

seconds, ihe atmosphere is effectively [ -\

at rest during the energy deposition by '20: T~ § i
an electron. The total ionization per ookt e “—:7"/ i,
unit volume, which depends on the RATE OF 1N PRODUCTION 1p/cm-sec

irradiation by many electrons, however,
. Figure 5. Ion Production Rate With
does depend on the motion of the elec- Respect to Altitude Calcu-

tron accelerator ard the atmosphere, lated for Conditions of the
NASA Experiment
the time in which the electron gun is

on and the size of the electron cloud.
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The observed size of the irradiated region depends also upon the type
of cbservation. That is, optical measurements of prompt emission spectra
would indicate a small cloud size, whose lateral spread is due only to tke
electron beam multiple scattering. On the other hand, the size determined
from measuring tic emission of metastable species such as O(IS) , which have
long lifetimes compared to the electron beam pulse, would appear much larger.
Since the emission from O(IS) persists much after the irradiation time, the
observed cloud size includes not only the lateral spread due to electron scat-

tering, but a wake of emitting air left by the moving electron beam.

The time 7 that a point is irradiated for a continuously operating

beam is

17)

s‘
b
g M

where S A is the lateral spread of the excited cloud (about 74 meters) and v | s
the component of the electron gun velocity perpendicular to the geomagnetic
field. The latter is given by the vector equation

—_—

;l=Bx(2xB)=v-( -2B)B =V-(]X3)cosel_3' (18)
B B
where
_( B

cosf = vB
In terms o. ‘he rocket trajeciory

2 2 2 coszY

cos @ =cos" Y - [VH cos(90 ~a+3) - vy sin(90 - a + B) ]——-2—-— (19)
v
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Here, v

H

and v

y are the hori:zontal and vertical components of the vehicle

velocity calculated from the apogee and range of the rocket; o = 97°

is the

azimuth of the rocket trajectory with respect to true north; g = -8° and

vy =869, 5 are the declination and inclination of the geomagnetic field, Note

that at apogee, where vy = 0, Equation (19) reduces to

0 = cos

! Sin(-15% cos 69. 5

{zumpers 11 and 21 of the first two pulsi

= 95

(o}

The velocities across field lines, Vi

(20)

for the four visible pulses

1g sequences) are presented in Table 3.

TABLE 3

VELOCITY ACROSS MAGNETIC FIELD LINES

MEASURED AT MEAN BETWEEN
FRANKLIN CITY | CALCULATED
FRANKLIN CITY IGOR AND IGOR
Pulse 1 98 68.6 84 110
Pulse 2 132 134 133 131
Pulse 3 160 187 173 154
Pulse 4 149 224 187 178

These velocities were determined from observations of the irr

adiated region from

Igor and Franklin City. Notations were made of the angular velocity of the

cloud, the distance from the irradiated region to the observation post, and the

angle made between the line-of-

sight with the direction of motion of the electron

beam. These observed velocities are presented together with the velocities

using Equation (22) with the horizontal and vertical components of the acceler-

ator velocity der.ved from the accelerator trajectory. A sketch of the motion
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of the electron-beam-excited cloud is shown in Figure 6. The irradiated region
is approximately clyindrical in shape with a diameter of 74 meters and a
velocity of v | - As seen in Figure 6, Region A is illuminated for the maximum
time that the atmosphere can be irradiated by the electron. Neglecting air
motion, this time corresponds to 0.67, 0.56, 0.48, and 0. 41 sec for the four
brightest pulses respectively. The total apparent width of the irradiated air

shown by the distance B on Figure 6 is

S_L(apparent) = SJ_ + ViTa (21)
where A is the afterglow duration after beam shutdown, 0.38 sec. If winds
are agiain neglected, this apparent width becomes 112, 123, 129, and 141,
respectively, for the four brightest pulses. Depeading on wind direction,
atmospheric winds may eitlter increase or decrease this irradiation time.
If the wind is blowing in the same direction as the motion of the electron beam
accelerator, the apparent width of the irradiated cloud becomes

ELECTRON BEAM ACCELERATOR LOCATION - - vy
? : : Sl(apparent) S +(v, VA Tp (22)

where v A is the component of atmos-
pheric velocity parallel to v 1
The atmossheric emission
produced by electron h»eam irradialion
can be divided into two parts; (1) prompt

(short lifetime) and (2) atterglow (long

lifetime) radiation.

Figure 6. Sketch of the Electron The prompt radiation in the
Irradiated Region as the NASA observations was from the
Electron Accelerator + +
Moves Through the N2(1-), 02(1-), and N2(1+) bands
Atmosphere
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as produced by Reactions (R8), and (R15), respectively. The emission from
these sources is shown in Figure 7 as a function of altitude. Since the radiative
lifetimes of these sources are very short compared to the electron irradiation
time, their radiation remains essentially constant over the electron beam pulse.
The upper scale in Figure 7 gives the emission integrated through the irradi-
ated region along the line-of-sight. The path length through the cloud was taken
to be 100 meters, corresponding to line-of-sight through the 74 meter wide
cloud at 168 km altitude when seen from the ground at Franklin City. The
dashed line represents the combined brightness of all the prompt radiation
sources, and the dotted line represents the emission from these radiators. when
corrected for instrument sensitivity. Note that the combined brightness of
these sources exceeds 1 kilorayleigh between 104 and 132 km. This is in

agreement with measured results presented in Table 1.

Other intense prompt radiation

bands, such as the N2 second positive EMISSION OVER THE LINE OF SIGHT, KR
and the Lyman-Birge-Hopfield bands, 200 eSS el "0
are also excited by the electrons. For
an extensive list of these radiators, see "
Chamberlain (1961). Only the radia- £ oo
tion which falls within the bandwidth of E 1ok
the NASA detectors, however, are <
treated in this section. T
The radiation from O('S) R T B T
1 EMISSION, PHOTONS /cm® -sec
and O("D) metastable species also
contribute to the observed signal.
The intensities of these radiators Figure 7. Steady-State Emission Lgvels
are plotted as a function of time for glzo;%(i)r:;ngéo%zdggf:nm

106, 110, and 120 km in Figures 8,
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28

9, and 10 respectively. The prompt
3914A signal from the N;(l—)(OO)
transition is also plotted in these

figures for comparison.

These intensities were
calculated from the mcan energy depo-
It should

be noted that the electron irradiation

sition rate at each altitude.

is not uniform throughout the cloud,
but instead, is more concentrated
near the beam axis. However, even
though the chemistry changes with
the variation of dose rate, the total
effect is somewhat averaged out over

the width of the cloud.
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Figure 10. Calculated Emission
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and O(lD) During Electron
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The emission from O(IS) and O(ID) is seen to increase with
irradiation time. This emission may continue to increase even after the
irradiation due to the continuation of dissociative-recombination reactions
which are a source of these states. While the emission from directly excited
prompt radiators quickly drops to zero when the irradiation ceasca, these
metastable states continue to emit r:isation for several seconds. The O(IS).
which accounts for a major part of this radiation, is produced in Reactions
(R10), (R11), (R17), and (R42), and is depleted by radiation (R53) and quenching
(R58). The emission in the afterglow is presented in Figures 11, 12, and
13, for altitudes of 106, 110, and 120 km, respectively. These signals were
calculated for an irradiation time of 0.67 sec, correspouding to the maxi-
mum irradiation time of 0. 41 sec were also carried out and showed the
same general shape with only slightly lower initial intensitics.

d: ALTITUDE « 106 4™ d[— " 1Y -TY ) 1
FF 1 "}
\ o'y uarn
el ofg ssrra 05[ 1
¥
¥ N\ 1
n§ 'O‘E } g d‘{ 1
: ) ] -
£} s ¥ o} oD nas 1
& e ! )
Ly ‘ ‘T 3
"’l‘Aozcsn‘ou o o1 & ¢ & %7
TIME AF TZR IRRADATION PULSE, SEC S A0 TEA RAATION MRS WL
Figure 11. Emission Intensity of Figure 12. Emission Intensity of
Afterglow Radiation From Afterglow Radiation From
0(1S) and O(1D) After 0O(18) and O(1D) After
0.67 Sec Irradiation Time, 0.67 Sec Irradiation Time,
106 km Altitude 110 km Altitude
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tory messurements for the direct
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L ]
— g y procasction of 0(’5) from dissociative-
I eaxcitation or dissocistive-jonization,
i | these crosn seclions were neglected
in the estimate of the afterglow sig-
2 f = .
I

nal. The principle method of 0(‘8)
production sas thus assumed to be
frem recombination of O.‘,. In order
for the direct dmacmh;-cxcuauon
—TrTT T T T of 12?)2 0 contritxate o the 0('5) sig-
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W e

nal with the same intennity as that
{rom 0; recombination, its croan

Figure 1. Emiasion Intensity of Afler- .
clos Radiation From 03;’ seciion musi be 10 - cmz. nesrly
and O(10) After 0,67 Sec the same as the total cross section
Irradistion Time, 120 km
Althude .1 dissociation. This value of the

cross section was also found by

Parkinson et al. (1970h) as mecessary 1o explain the 0(‘3) signal in auroras,
A lower limit for this cross section was used in the calculations presented here,
This crose section, 1.5 5 1077 cm?, has boen found by Mumma and Zipt (1971)
following the 1217A ultraviolet eminnion from dissocialive-exciation into the
on'r%.

Reactions (R11) and (H17) are also possible sources of O('S).
The cross scction for direct excitation of O "), Reaction (R11), as calcu-
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duciion I8 illustrated in Figure 14, where the irradistion time wans taken
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SECTION 6
DISCUSSION AND CONCLUSIONS

Even though the data obtained from the NASA Artificial Aurora
experiment were limited, they allowed us to derive several important results
concerning the effect of electron bombardment of the upper atmosphere. The
size, shape, and altitude dependence of the observed signal gave some insight
to how electrons deposit their energy into the atmosphere and the upper atmos-
pheric chemistry involved in a disturbance by energetic electrons,

The electron slow-down in the upper atmosphere has been modeled
by & simple attenuation process by fitiing Equation (1) to the altitude dependent
stmospheric mumber density. The size and shape of the cloud has also been
modeled. The clectron interaction with the atmosphere was modeled by fit-
ting the energy distribution as measured in the laboratory ‘o a varying density.
The radial spread of the irradiated region was calcuiated by replacing the
clectron mean-{ree-path by the electron Larmor radius. The resulting electron
interaction using this technique was consistant with the results of Berger
et al. (1970),

In the NASA experiment, the size and shape of the cloud were deter-
mined from measurements o, visible light emission. In order to interpret the
dats, both the interactior of electrons with the atmosphere and the resulting
chemistry and radiation have been calculated. This visible emission consisted
of essentially two classes of signals: prompt (short lifetime) radiation which
dissppears in less than a millisecond after beam turn-off, and long-lifetime
radiation from metastable states whose radiation persisted for several tenths
of a second after beam turn-off. The width of the observed columa has been
determined by combining the radiation temporal distribution, the instrument
response, and the motion of the electron beam accelerator. While the data
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taken during the NASA experiment shows too much scatter to infer an exact
cloud width, the calculated cloud sizes agree with the experimental observ%lltions.

within experimental error.

The motion of the electron beam accelerator determined the air
irradiation time. Atmospheric winds, which have not been consideréd, would
move neutral species in and out of the irradiated region and complicate the
analysis. The effect of winds on neutral species ié to increase or decrease
their interaction time with the electron beam. The electrons, on the other
hand, are trapped by the magnetic field, and are affected by the atmospheric
motion only through their attraction to the ions. The ions are dragged by
collision with neutral species, and by coulomb attr'action to the electrons,

Thus, including atmospheric motion in the anélysis would change , |
the afterglow signal due to metastables, while the prompt radiation would

remain essentially unchanged.

The chemistry involved in the electron beam excitation yields inter-
esting results even from the limited data availabie. Detailed study of the after- |
glow signal from the NASA Artificial Aurora aeterinined the amount of OE(IS)
produced. While the prompt radiation signal consists ot the sum of -N+(1-),

2(1+), and 02(1 ) bands, the main’ contrlbutor to the afterglow is 0(128)
Other metastable radiators in the visible 1nclude N( D) and O( D) whlch have
much longer radiative lifetimes and thus contribute insignificantly to the total
emitted signal. Analyzing the dsta available, as discussed in the previous -
section, leads to the conclusion that the O(IS) production can be attributed pri-

marily to the dissociative-recombination of O;

As seen from Figures 8, 9, and 10, the total O(‘IS), 557TA signal ray
build up to over one third of the N;(l-) 3914A signal within one second of irradia-
tion, in agreement with what has been observed in auroras. The additional
contributions of the (v' =0, v'' = 1) and higher vibrat10na1 bands of N, (1+) bands,
as well as the 02(1 ) band, howevpr, make the O( S) signal much lower than the
prompt radiation signal. This O( S) signal, when corrected for instrument
sensitivity, is consistent with the NASA observations.
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The model developed in this report for calculating the visible
emission from electron beam excitation shows good agreement with observed
results. While these calculations were used to analyze the NASA experiment
performed in 1969, the same techniques should be valid for predicting the
results of similar types of atmospheric disturbances including future electron
beam experiments.
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